Review existing studies and provide new results on the development, regulatory, and market aspects of new oncology drug development.
INTRODUCTION
Although progress has been made in treating many forms of cancer, there remains a strong medical need for substantial improvement. This makes the complex economics of new oncology drug development an important area to research. In recent years, rising prices and growing expenditures on oncology drugs 1 have caused significant concern among payers and patients. 2 At the same time, and likely due in part to expanded market opportunities, some data indicate that the development of new, often targeted, oncology therapies has recently been growing significantly. 3, 4 The extent to which markets will grow in the future, however, is uncertain because sponsors may face increasing resistance to what are perceived to be high and unsustainable prices, increasing competition if a substantial number of new therapies enter the market, and smaller market sizes for highly targeted therapies. 4 Incentives to develop new therapies also depend on the costs, risks, and length of new drug development. Pharmaceutical research and development (R&D) costs in general have been estimated to be high and rising substantially over time. 5 Costs (at least clinical phase expenditures) have also been shown to differ by therapeutic class. 6 Unfortunately, to date, not enough information has been available to reliably estimate R&D costs for oncology drugs. A good deal of information, however, can be gathered on other metrics of the drug development process for oncology drugs. This article will review information on the markets for new oncology drugs and present new data on the length and risks of new oncology drug development.
METHODS
To analyze various aspects of the development, regulatory, and market characteristics of new oncology drugs, we utilized a variety of data sources. Information on new drug US clinical development and approval times were obtained from public sources and company surveys, and were complied for a Tufts Center for the Study of Drug development (CSDD) database. The US clinical phase is defined here as the time from first filing of an investigational new drug application (IND) with the US Food and Drug Administration (FDA) to study a new drug in humans to first submission to the FDA of a new drug application (NDA) or biologic license application (BLA) for marketing approval of the new drug. The approval phase is the time from first submission of an NDA or BLA to approval of the application for marketing. With regard to these development and approval times, we focus attention on therapeutic drugs and biologics that had first obtained FDA approval for US marketing from 1990 through 2005. We examined both new chemical entities and therapeutically significant new biologics. For the sake of brevity in expression, we refer to all of these compounds as new drugs. We have public NDA/BLA submission and approval dates for all of these new drugs, and dates of first IND filing (which have been validated with the FDA) for 95% of these compounds.
We analyzed clinical approval success rates based on information obtained from a publicly available business intelligence database (IMS Health's R&D Focus) for the 20 largest pharmaceutical firms in terms of pharmaceutical sales in 2005, with supplementary information from other commercial business intelligence databases. Given the lengthy development process, only compounds that had entered clinical testing through 2002 were included in the phase transition probability analyses. Their status was tracked through the first half of 2006. In addition, because a relatively large share of the compounds that initiated clinical testing during the latter half of the success rate analysis period are still active, a separate analysis for the 1998 through 2002 period would be questionable. Instead, to obtain a sense for the direction and extent of changes over time we compared results for the entire 1993 to 2002 period with results for the 1993 to 1997 period.
A number of studies of drug industry success rates have used statistical inference techniques (mainly survival analysis) to account for the rightcensoring of the data. 5, 11 However, given the relatively recent experience of the compounds we considered here and the length of the development process for many drugs, a significant number of compounds that we examined had not yet reached their final fate (abandonment or marketing approval), thereby making these statistical approaches somewhat unreliable. Therefore, we estimate success and phase attrition rates in a mechanistic manner. Specifically, we calculated phase transition probabilities by dividing the number of molecules that completed a given phase and entered the next phase by the difference between the number of molecules that entered the phase and those still in the phase at the time of the analysis. Such an approach should provide reasonable estimates of phase transition probabilities because the lengths of individual phases are short relative to total development times. The accuracy depends on an implicit assumption that those drugs that are still active at the time of analysis will proceed to later phases more or less in the same proportions as the estimated transition probabilities. The overall clinical success rate is then determined as the product of the phase transition probabilities. Clinical success is defined as US regulatory approval for marketing.
Data on market and other characteristics of new drug launches were obtained from IMS Health's New Product Focus database used for a study of the quality and quantity of worldwide new drug introductions.
12 This database reports drug launches in 68 countries since 1982. The data examined includes new biologic products, but it excludes diagnostic tests (except for radiopaques), radiologicals, over-the-counter drugs, combination vaccines, polyclonal antibodies, and biologic extracts. Launch dates were used to determine whether a new drug launch was for a first-in-class drug. Therapeutic classes for this analysis were chosen based on a unique combination of the four-digit level Anatomic Therapeutic Classification (ATC) and five-digit level Uniform System of Classification (USC) codes. The ATC and USC system are the same for many therapeutic classes, but when they differed, as a general principle the most disaggregate class from these two sources was used.
RESULTS
We first examined the number and regulatory characteristics of new oncology drug approvals in the Unites States since 1990. From a regulatory perspective, the oncology drugs differ markedly from other new drug approvals. As Table 2 indicates, 71% of the oncology drug approvals were given a priority review rating by the FDA, in contrast to 40% for other new drugs. Nearly half of the oncology drugs were initially approved with an orphan drug indication, while less than one in five other drugs had orphan drug status at first approval. Finally, sponsors of oncology drugs were much more often able to take advantage of at least one of the FDA's programs to speed development (subpart E, accelerated approval, fast track). Close to half of the approved oncology drugs had some expedited access status during development, as opposed to only 13% for the other new drugs approved during the study period.
Oncology Drug Development Times
As noted, oncology drugs are disproportionately given priority ratings by the FDA, which carries with it a performance goal for faster review of marketing applications. This is reflected in the approval phase means shown in Figure 1 . The FDA reviewed oncology drugs, on average, 6 months faster than other drugs. We also noted that oncology drugs were more likely to be able to take advantage of FDA expedited access programs during development. However, despite this fact, difficulties in recruiting patients and longer times needed to establish efficacy (particularly if survival is an end point) for oncology drug clinical trials can help explain why we found US clinical development times to be a year and a half longer for oncology drugs. For the period analyzed, oncology drugs took, on average, 1 year longer to move from the initiation of clinical testing in the United States to US regulatory marketing approval. Development and approval phase times are lower for medians, but the comparative results are similar. Median approval phase times are 0.3 years shorter for oncology drugs (1.0 v 1.3 years), whereas median clinical phase times are 1.5 years longer for oncology drugs (7.8 v 6.3 years).
Technical Success Rates for Oncology Drug Development
To examine technical success rates and phase transition rates for investigational oncology and other drugs, we obtained data on the pipelines of the 20 pharmaceutical firms with the most of other investigational drugs were tested for more than one indication before an approval for marketing, 57% of the oncology drugs were investigated for multiple indications. More notably, nearly one third of the oncology drugs (32%) were tested in at least four indications, whereas only 9% of the other drugs were examined in four or more indications before an original approval for marketing. Figure 2 shows estimated clinical phase transition probabilities for investigational oncology drugs that first entered clinical testing from 1993 to 1997 and 1993 to 2002. The results indicate that one half of the oncology drugs that entered the expensive phase III clinical testing phase never make it to US regulatory approval (although, the approval rate is somewhat higher when the longer timeframe for drugs entering clinical testing is considered). The product of the phase transition probability estimates yields an estimate of the clinical approval success rate for drugs entering the clinical testing pipeline. The results suggest that approximately one in five of the oncology drugs that entered the pipeline during 1993 to 1997 will eventually attain marketing approval, while the estimate improves to approximately one in four for the longer 1993 to 2002 period.
The results in Figure 2 are for all oncology drugs that were in the firms' clinical testing pipelines at some point. The data include compounds that were licensed in at some point in development by one of the firms and a smaller proportion of drugs that these firms licensed out to firms outside of the group of 20. Drugs that are licensed may have somewhat higher success rates than those that are developed entirely under the auspices of a given firm (self-originated) because of due diligence prescreening and because they tend to be licensed after the drugs had progressed to later clinical phases. Figure 3 shows estimates of phase transition probabilities and the overall clinical approval success rate for self-originated oncology drugs compared with the results for all oncology drugs. The self-originated compounds have a slightly lower approval success rate than is the case for all oncology drugs.
Finally, we examined transition probability and success rate results for oncology drugs compared with all other drugs. The results in Figure 4 cover all drugs for the entire 1993 to 2002 period. Oncology drugs have a higher likelihood of progressing to later clinical phases, but the success rate once drugs reach expensive phase III testing is notably lower for oncology drugs. Overall, though, the approval success rates for drugs entering the clinical testing pipeline are essentially the same. †Drugs that were developed under at least one of the following three FDA regulatory mechanisms: subpart E, accelerated approval, fast track. for what is likely either the population or something close to the population of such products. More than half (54%) of the mAbs in this data set were examined for oncology indications. The clinical approval success rate for the biotech products in aggregate was 30%, but only 19% for mAbs. Further analysis of that data set shows that the estimated success rate for the subset of oncology mAbs is also 19%. The data do suggest, however, an increasing trend in success rates for mAbs in general.
Market Attributes and Diffusion of Oncology Drugs: Comparative Trends
In a recent article, Grabowski and Wang 12 examine trends in various attributes of worldwide new drug introductions over the period 1982 to 2003. In particular, they consider trends in drug "innovativeness" as indicated by the number of first-in-class introductions. These are essentially new drugs with a novel mechanism of action. Second, they consider trends in the global diffusion of worldwide new drug introductions. In particular, they define a new drug as global when it is launched in a majority of the world's largest drug markets. Global diffusion is an indicator of both commercial as well as therapeutic importance. They also focus on the growth in biotech products and orphan drug products, two groups of products with increasing impact on the biopharmaceutical industry over the last two decades.
One key finding of the Grabowski and Wang 12 analysis is that the number of first-in-class drug introductions has been increasing over time. This contrasts with a downward trend in overall new drug introductions that has been discussed by many observers.
14 This latter trend has been cited as evidence for the declining research productivity of the pharmaceutical industry in recent years. However, this view must be qualified by the positive trend in drug innovativeness, as reflected by the increasing number of first-in-class products. Of course, therapeutic benefits are also obtained from follow-on introductions in a new drug class as well as by combination therapies involving new and established drugs.
14 Significant drug progress occurs both by introduction of novel new classes and by the evolution of products in these classes after the first mover is introduced. 15 However, first-in-class drug introductions represent important milestones in documenting the extent of drug innovation over time.
A second major finding of the Grabowski and Wang 12 analysis is the increasing global character of new drug introductions. Grabowski and Wang found that nearly half (47%) of all 1993 to 2003 new drug introductions were launched in a majority of the G7 countries. (The G7 countries were chosen as a relevant benchmark because they constitute the largest seven drug markets in terms of sales. These countries are the United States, Japan, the United Kingdom, Germany, France, Italy, and Canada.) This compares to 37% for the 1982 to 1992 period. Furthermore, a prior study of new drug introductions for the 1970 to 1983 period found that only 24% of new drugs were characterized as global entities. 16 Grabowski and Wang also found that biotech drugs account for a rising portion of all new drugs over the 1982 to 2003 period. The rapid growth of biotech compounds is reflected in the fact that biotech drugs accounted for only 4% of worldwide introductions in the period 1982 to 1992, but this increased to 16% in the 1993 to 2003 period. Furthermore, more than half of these biotech compounds originated in US firms. The growth of biotech drugs is particularly significant because they have been a major source of both first-in-class and global drugs. They also have a strong presence in the oncology class.
In this review article, we are particularly interested in how oncology drugs compare with other therapeutic classes with respect to these drug industry attributes considered in the Grabowski and Wang analysis. In this regard, Table 3 It is instructive to consider the share of oncology drugs that embody these various attributes compared with other major drug classes. Consider this information for the four largest therapeutic areas in Table 3 : the CNS, cardiovascular, anti-infective, and oncology categories. Oncology is particularly distinguished by the large percentage of its new drug introductions that were first-in-class. Over the 1992 to 2003 period, 21% of oncology introductions were first-in-class entities, as compared with less than 10% of the introductions in the other three classes. This figure also shows that more than half of all oncology introductions were classified as global drugs as compared with 35% to 49% of the drugs in the other three therapeutic areas.
The results in Table 3 demonstrate that the oncology therapeutic area has been a focal point for the introduction of innovative first-inclass compounds with a high rate of global diffusion. Oncology also has been an increasing focus of biotech drug R&D. As can be seen from the data in Table 3 , 25% of oncology drug approvals are based on biotechnology techniques, compared with 5% or less in the three other major classes. This is a striking difference. Biotech products are an important driver of strong innovative performance observed for the oncology class in recent years.
Orphan Drug Act and Oncology Drugs
The oncology drug class has benefited from the passage of the Orphan Drug Act in 1983. The Act specifically applies to illness or conditions with a prevalence of less than 200,000 individuals. This Act created a number of incentives designed to spur R&D investment for rare conditions and illnesses. 17, 18 First, the Act instructed the FDA to implement new protocols to facilitate orphan drug approvals, or advanced counseling to create a more effective R&D process. Second, Congress created a 50% tax credit for clinical trial expenditures for orphan drug designations. Third, a 7-year marketing exclusivity was granted for FDA-designated orphan drug indications, apart from any patent protection that existed on these drugs.
These provisions have been an important catalyst for the development of oncology drugs for rarer forms of cancer. As noted herein, nearly half of the oncology drugs introduced had an orphan indication approved at the time of initial marketing approval. Once again, this is a much higher percentage than what is observed for other drugs. In an earlier analysis 17 of the first dozen years of the US Orphan Drug Act, the authors found that a total of 502 approved drugs and clinical drug candidates obtained orphan drug designation from the FDA. The leading indication category was cancer with 89 drug entities (17.7% of all drugs that received an orphan drug designation).
Grabowski 18 has analyzed the distribution of sales for 27 orphan drugs introduced in the 1990 to 1994 period. While there are a few orphan products with large annual sales, the median orphan drug in this sample had peak annual worldwide sales of only $29.5 million. The median nonorphan introduction over this same period had peak global sales of $236 million. 6 The group of 27 orphan compounds introduced from 1990 to 1994 included six cancer treatments (the largest indication category). All of these six drugs also received a priority drug rating from the FDA as well as orphan drug designation. (The six cancer drug introductions receiving orphan drug approval over the 1990-1994 period were altretamine, cladribine, fludarabine phosphate, idarubicin, pentostatin, and teniposide.) These six orphan therapies had peak global sales that ranged from $2 million to $103 million. The median and mean global peak sales for this set of orphan cancer treatments were $12 million and $27 million, respectively.
The Orphan Drug Act clearly has been an important stimulant of new cancer treatments for small patient populations with correspondingly modest levels of sales. Orphan drugs can realize a positive return on investment with smaller sales levels than can non-orphan products given their very different economics. First, as discussed, they have much smaller up-front R&D costs, with typically smaller sized clinical trials and the special tax credits. In addition, orphan drugs often have fewer competitors and are typically prescribed primarily by specialists. Hence, they tend to have lower promotional and distribution costs.
Commercial Significance of Oncology Drugs
As in the case of other therapeutic categories, the distribution of sales for cancer drugs is highly skewed. Although the oncology class includes a number of orphan drug compounds, it also has many drugs that are in the top ranks of all drug products. These are products with annual worldwide sales in excess of $1 billion. With an increased knowledge of the molecular basis of cancer, the oncology class has been characterized in recent years by the introduction of therapeutically important monoclonal antibodies and other targeted pharmaceutical agents. These include rituximab, trastuzumab, imatinib, and bevacuzimab. All of these drugs have reached the market between 1997 and 2004. These are now among the leading drug therapies ranked in terms of sales.
The oncology drug class is the fastest growing therapeutic category of all the major drug classes in terms of market sales. The rapid growth of the cancer area is reflected in the annual sales of the top 200 pharmaceuticals. Med Ad News chronicles this each year. Our analyses of development candidates and marketed products abstracts from the supportive care products used to ameliorate adverse effects such as anemia, neutropenia, and nausea and vomiting that are frequently experienced with treatments of diseases such as cancer and AIDS. It is worth noting that the leading biologically derived drugs for anemia and neutropenia have also experienced rapid growth in recent years. The rapid growth of sales in the cancer area has been driven by the fast uptake of targeted breakthrough drug products such as Rituxan (rituximab; Genentech, South San Francisco, CA), Gleevec (imatinib mesylate; Novartis, East Hanover, NJ), Herceptin (trastuzumab; Genentech), and Avastin (bevacizumab; Genentech). These four products by themselves accounted for $8.4 billion in worldwide sales in 2005 and were the four largest selling cancer treatments in the first quarter of 2006.
21 There is also evidence of a strong pipeline of targeted therapies in development in both the biotechnology and pharmaceutical industry. This is being fostered by the increasing knowledge base emanating from basic biomedical research as well as a favorable economic environment for drug innovations in the oncology therapeutic area. 21 Hence, the continued introduction of innovative new oncology products is likely to occur over the foreseeable future.
CONCLUSION
In comparison with other new drugs, new oncology drugs tend to be distinctly different in terms of regulatory status and development metrics. A substantial majority of first approvals for marketing of oncology drugs (71%) have received priority reviews of their marketing applications from the FDA for drugs approved in the United States from 1990 to 2005. This compares with the 40% rate at which other new drugs received a priority review status from the FDA. Approved oncology drugs have also had a disproportionately higher share of orphan drug approvals, and approved oncology drugs were able to take advantage of FDA programs to speed development at a rate that was 3.5 times higher than that for other new drugs.
Despite more often obtaining regulatory advantages from programs to speed clinical development and regulatory review of marketing applications, US clinical development times and total times from the start of US clinical testing to marketing approval were longer, on average, for oncology drugs than for other drugs approved from 1990 to 2005. The recent efforts by the FDA to establish new approaches to assess the efficacy and safety of investigational drugs through its Critical Path Initiative hold the promise of shorter development times for oncology and other drugs. 22 Of particular relevance for oncology drugs is the Critical Path Initiative's goal to find and validate new biomarkers.
Although we found that oncology and other drugs had marketing approval success rates for drugs entering the clinical testing pipeline that were similar, a higher percentage of oncology drugs failed after entering phase III testing than did other drugs. Phase III is generally the most expensive clinical development phase. If all other things were equal, this result would imply higher average development costs for oncology drugs (taking into account the costs of drug failures). Methods to better prioritize the choice of investigational oncology drugs for a transition from phase II to phase III testing could yield substantial gains. As has been suggested elsewhere, a greater investment in gathering appropriate information in phase I and II trials can help achieve this objective. 23 The full capitalized cost per approved new drug (cash flow plus time costs) depends on out-of-pocket expenditures, approval success and phase attrition rates, and development and regulatory approval times. 5 On the basis of data obtained from a commercial business intelligence database, Adams and Brantner 24 estimated the R&D cost per approved new drug for development that occurred primarily during the 1990s to be 20% higher for oncology drugs compared to the average for all drugs ($1,042 million compared to $868 million), although they also provide an estimate for breast cancer development that is 30% below average. However, their cost differentials by therapeutic class were based solely on differences in estimated clinical approval and phase transition rates, and development times.
(Through a number of simulation experiments, DiMasi 25 demonstrates the extent to which R&D cost estimates are sensitive to changes in clinical approval and phase transition rates, and development times.) They did not have data on differences in cash flows by class. To our knowledge, there have been no published studies with enough data on oncology drug R&D cash flows to provide estimates of average oncology out-of-pocket R&D costs. A number of factors determine out-of-pocket expenditures, including discovery costs; R&D costs for chemistry, manufacturing, and controls; the costs of providing clinical testing supplies; infrastructure costs; the complexity of treating patients with the conditions investigated; the number of subjects tested per indication; and the number of indications investigated before approval. We currently know very little about most of these factors, although results presented here suggest that oncology drugs tend to be tested in many more uses before first marketing approval than is the case for drugs in general.
Despite the considerable hurdles in developing new oncology drugs, the new oncology drugs that have been approved in recent years have been relatively novel and commercially successful. The evidence indicates that approved oncology drugs were more often first-in-class and diffused more widely to major international markets than was the case for drugs in other classes. Nonetheless, the need for new therapies that are more effective and safe is still substantial. The incentives and scientific opportunities to develop highly effective and safer oncology drugs in the future will depend critically on public-sector investment in basic research, developments in translational medicine, and regulatory reforms that advance drug-development science.
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